Synthetic oligonucleotides have been proposed as a new rationally designed class of Pharmaceuticals with a mechanism of action based upon a Watson -Crick and/or Hoogsteen type of base pairing with RNA or DNA regions of interest. Two series of 3'-cholesterol and/or 5'-cholesterol conjugated oligonucleotides have been synthesized. The primary structure of these compounds was conceived in a way that should allow a hydrophobic interaction to take place upon bringing the cholesteryl moieties into proximity via a hybridization event. In the first group of compounds the cholesteryl group was tethered to the opposite ends of two oligonucleotides, tandemly addressed to the same complementary strand. An increase in the Tm of duplexes up to 13.3°C was observed in comparison to unmodified oligomers. We observed a higher level of mismatch discrimination for the two contiguous oligonucleotide cholesterol conjugates compared to one continuous oligomer of the same length. A second group of compounds was synthesized as 5',3'-bischolesterol containing oligomers, capable of forming 'clamp-shaped' triple-stranded complexes, where cholesterol groups were attached to the termini of duplex and triplex forming domains. Stabilization of triplexes by up to 30°C due to inter-cholesteryl interaction was observed. We detected no triplex formation with a mismatched target. These data suggest that significant stabilization of complexes of nucleic acids could be achieved through inter-cholesteryl hydrophobic interaction.
INTRODUCTION
Synthetic oligonucleotides have great potential to become a new type of rationally designed therapeutic agent. These compounds could potentially interfere with the expression of selected genes through interaction with mRNA, genomic DNA (1,2) or regulatory proteins (3) (4) (5) (6) (7) .
Since the first successful in vitro application of antisense oligonucleotides (8) , great efforts have been made to design and synthesize analogs with improved properties. Cellular membrane penetration, stability and distribution inside cells are critical for in vivo application, as well as binding to target RNA or DNA molecules with high efficiency and selectivity. A variety of oligonucleotides with modified internucleoside linkages and with different pendant groups have been obtained (1, 9) . Some of these compounds, although more stable to hydrolysis than natural phosphodiesters in biological media, have additional non-antisense effects (10) (11) (12) , whereas others require relatively high concentrations to be effective (13) .
Oligonucleotide conjugates with cholesterol as a potential facilitator of intracellular transport of antisense compounds have been introduced by Letsinger et al. (14) . A bulky cholesteryl group should also protect oligonucleotides from exonuclease digestion in biological systems. Indeed, a significant enhancement of the net HIV anti-proliferation effect has been demonstrated in several in vitro systems for these conjugates (15) (16) (17) . Moreover, the ability of these oligomer-conjugates to spontaneously form micelles at concentrations between 0.13 and 0.58 mM (18) suggests a strong hydrophobic cholesterylcholesteryl interaction. In this paper we present data about the role and influence of cholesteryl groups, as interactive hydrophobic moieties, on the assembly and thermal stablity of duplexes and triplexes formed by oligonucleotide-cholesterol conjugates (19) .
MATERIALS AND METHODS
General methods and reagents RP HPLC was carried out on a Dionex 300 chromatograph with a PLRP-S column (4.6 x 150 mm, 8 micron particle size) from Polymer Laboratories and a linear gradient of acetonitrile in 0.1 M triethylammonium acetate buffer, pH 7.0 was used. Oligonucleotide-cholesterol conjugates are more lipophilic compounds than the nonconjugated parent oligomers and therefore have a significantly longer retention time on a reversephase HPLC column. Mono-cholesteryl conjugates (5'-or 3'-) were eluted from the column at ~53% acetonitrile and bischolesteryl conjugates at -65% acetonitrile, whereas nonconjugated oligomers were eluted at -17% acetonitrile (20) (see Figure 1 ). After evaporation of elution buffer in vacuo, oligonucleotides were precipitated twice from 1.0 M NaCl with 5 volumes of cold 95% ethanol. Purity of the oligonucleotides after RP HPLC isolation was assayed by capillary electrophoresis * To whom correspondence should be addressed (CE) or slab gel electrophoresis. Cholesterol-conjugated oligomers have lower mobility than the parent compounds on electrophoretic gels (see Figure 2 ). CE analysis was on an Applied Biosystems Model 270A with 10% MicrogelTM capillaries (0.1 X500 mm) in 35 mM Tris-borate buffer, pH 9.0, in the presence of 15% ethylene glycol; 5 second injection at 10 kV and running voltage of 25 kV. Cholesteryl chloroformate and aminopropanediol were obtained from Aldrich. Cholesterol phosphoramidite, which has been described before (22) , was prepared according to the general procedure for the preparation of phosphoramidites (23) , except that the phosphitylation time was extended to 12 hours. Oligonucleotides were synthesized at a 1 /*mole scale on an Applied Biosystems 38OB or 394 automated synthesizer using standard protocols. Enzyme digest studies were conducted using 100 /tl of oligonucleotide solution (0.5 OD/ml) in H 2 O treated with 4 /tl of snake venom phosphodiesterase (0.1 unit/ml) from Sigma and assayed in 30 min intervals by CE. cleavage and deprotection with ammonia, 6 h at 55 °C afforded the crude product which after RP HPLC purification gave the 5'-cholesteryl oligonucleotide with a yield corresponding to -80% coupling efficiency of the cholesteryl phosphoramidite. Route 2. 5'-Amino oligonucleotide attached to the polymer support, prepared as described before (24) , was treated with a 10% solution of cholesterol chloroformate in dichloromethane/diisopropylethylamine, 9:1 v/v for 20 min. The support was thoroughly washed with dichloromethane, dried in vacuo and the oligonucleotide was cleaved and deprotected with ammonia, 6 h at 55°C and purified by RP HPLC. The yield of the product of conjugation was ~ 95 %. After purification the compounds were analysed as described in the General methods section.
Synthesis of cholesteryl-CPG support (IV)
Cholesteryl chloroformate (1.74 g, 3.87 mmole) was added to a stirred solution of (+/-)-3-amino-l,2-propanediol (342 mg, 3.76 mmole) in 10 ml of dry pyridine. The reaction was stirred under argon for 3 h. at which time TLC analysis showed no aminoglycerol remaining. DMT-C1 (1.31 g, 3.87 mmole) was then added and the reaction stirred for an additional 3 h. After transferring the reaction mixture to a separatory funnel with 3 x50 ml portions of diethyl ether and washing with sat. NaHCO 3 , the organic solution was dried over Na 2 SO 4 , filtered and concentrated in vacuo to give -3 g of yellow solid. Purification on a silica gel column (1% triethylamine, 2% methanol/ dichloromethane) afforded 1.81 g (2.25 mmole, 60% yield) of 3-(cholesteryloxycarbonylamino)-l-(dimethoxytrityloxy)-2-propanol as a light yellow solid which was homogeneous by TLC.
To a stirred solution of the above intermediate (1.17 g, 1.45 mmole) in 10 ml of dichloromethane was added 2.2 ml of 2.4 M iV-methylimidazole in tetrahydrofuran, followed by succinic anhydride (274 mg, 2.74 mmole). After stirring 12 h at room temperature TLC showed no starting material present. The mixture was transferred to a separatory funnel with 3x20 ml portions of dichloromethane and washed with sat. NaHCO 3 , followed by sat. NaCl. The solution was dried over Na 2 SO 4 , filtered, and concentrated in vacuo to give 1.25 g (1.38 mmole, 95 % yield) of the succinyl derivative which was used without further purification.
A solid-phase reactor was prepared from a 10 ml gas-tight syringe with a glass wool plug. Into this was placed 1.0 g of aminopropyl CPG (500 A pores, 143 jtmole/g amine) which was washed with 3 X4 ml of dimethylformamide, then suspended in 3 ml of dry dimethylformamide. Into a 5 ml vial was weighed 72 mg (80 mmole) of the cholesteryl succinate derivative to which was added 500 ii\ of 0.4 M diisopropylethylamine in Nmethylpyrrolidone/dimethylsulfoxide 1:1 v/v followed by 380 ^1 of 0.2 M 2-(lH-benzotriazol-l-yl)-l,l,3,3-tetramethyluronium hexafluorophosphate and 0.2 M 1-hydroxybenzotriazole in the same solvent. The reaction was mixed briefly then drawn into the syringe containing the aminopropyl CPG. After shaking the suspension for 2 h, the coupling solution was expelled and the CPG was washed with dimethylformamide, acetonitrile, and dichloromethane, then dried in vacuum. A small portion (-10 mg) was analyzed for DMT content by cleavage with 0.1 M p-toluenesulfonic acid in acetonitrile and quantification at 498 run to indicate a loading of 40 /tmole/g. Residual amino groups were then acetylated and the support was again washed and dried as before. Re-assay for DMT gave the same value as before capping, and a ninhydrin test indicated no residual amino groups.
Synthesis of 3-choIesterol-conjugated oligonucleotides (III)
3'-Cholesterol conjugates were synthesized on the solid support (TV), Scheme 1, using standard ABI automated protocols and reagents. At the end of synthesis the final DMT group was cleaved, the support was washed with acetonitrile and dichloromethane, dried in vacuo, removed from the reaction column and treated with ammonia for 8 h at 55 °C. The support was removed by filtration, the supernatant was concentrated in vacuo and the product was purified by RP HPLC. After purification the oligonucleotide-cholesterol conjugates were analysed as described in the General methods section.
RESULTS AND DISCUSSION

Influence of cholesteryl groups on duplex stability
Model systems were designed to evalute the effect of cholesteryl groups on the stablity of different types of duplexes. The first model demonstrates intra-strand duplex stabilization and is based on using two contiguous oligonucleotides containing cholesteryl groups at opposite ends. Upon hybridization of these compounds to adjacent segments of the same target strand, the cholesteryl groups are placed in proximity and the resulting hydrophobic interaction stabilizes the entire duplex. In a second system, illustrating inter-strand duplex stabilization, the duplex formed by two complementary oligonucleotides with cholesteryl groups at the 3'-end of one and the 5'-end of the other also places these groups in proximity to stabilize the complex via hydrophobic inter-cholesteryl interaction.
Moreover, proper spatial orientation of the cholesteryl group at either the 3'-end or 5'-end of an oligonucleotide may allow for hydrophobic stacking above the terminal base pair upon hybridization with a complementary strand.
To evaluate the effects of bulky, lipophilic groups, several oligonucleotides with cholesteryl groups attached to the 3'-termini or 5'-termini were synthesized. Compounds (I) with a 5'-cholesteryl group were obtained either through a solid-phase coupling of cholesteryl phosphoramidite with a 5'-hydroxyl group, or (IT) via condensation of cholesteryl chloroformate with a 5'-amino group of a solid-phase supported oligonucleotide (Scheme 1). The former method results in conjugation through a flexible phosphodiester, linker LI, while the latter method affords a relatively rigid urethane linker, L2. Oligonucleotides (HI) with a 3'-cholesteryl group were synthesized by using a solidphase support derivatized with a cholesterol-containing aminoglyceryl linker L3 attached through a succinyl group to the CPG matrix (Scheme 1). Standard detritylation and oligonucleotide chain elongation procedures, followed by cleavage and deprotecion with ammonia afforded the desired oligonucleotide-3'-cholesterol conjugates. The oligonucleotides prepared for this study are listed in Table 1 . Yields were comparable to those obtained in synthesizing conventional oligomers of the same size. Oligonucleotide 1, a 26-mer which has been used as an antisense compound against the bcr-abl junction (25) is fully complementary to 2, 26-mer and to 3, a 26-mer with one T-T mismatch in the 11th position from the 3'-end. Compounds 4, 12-mer and 5, 14-mer are the 5' and 3' parts of 1, respectively. Oligonucleotides 6, 12-mer and 7, 11-mer are 3'-cholesteryl derivatives of 4, whereas 8 and 9 are 5'-cholesteryl derivatives of 5. Compounds 10, 14-mer and 11, 15-mer are complementary to 14-mers 8 and 9 and correspond to the 5' part of 2.
To estimate the protective effect of the cholesteryl group against exonuclease digestion, the 26-mer 1 and the corresponding 3'-and 5'-cholesteryl derivatives were treated with snake venom phosphodiesterase and reaction mixtures were analysed by capillary electrophoresis (CE). After 1.5 hours at room temperature the unmodified 26-mer was almost completely digested; more than 90% of the 5'-cholesteryl derivative was also consumed, whereas only ~ 15% of the 3'-cholesteryl conjugate was hydrolysed. Even after overnight exposure to the enzymẽ 5% of the full length 3'-cholesteryl analog could be detected in the digest mixture.
Thermal stablity of the duplexes formed by different combinations of oligonucleotides with and without cholesteryl groups has been evaluated and the data are summarized in Table 2 . The proposed structures of these complexes are also presented as cartoons in this table. Analysis of these data show that a 5'-cholesteryl group stabilized the duplex by 5.5°C (exp. 7) in comparison to the parent 5'-hydroxyl compound (exp. 4). Addition of the third adjacent strand (exp. 10) enhanced stability even more, by 9.1 °C, and also increased the cooperativity of dissociation, revealed as Chol-CACTTTTC'TTTTC*C*C*C'C*C*TCACACTCCCCCCTTT-TCTTTTCA-Chol 32 CACTTTTC*TTTTCCCCCCTCACACTC*C*C*C*C*C*TTTTCTTT-TCA-Chol 33
Choi -CACTTTTC*TTTTCCCCCCTCACACTC*C*C*C*C*C'TTT-TCTTTTCA-Chol 34 CACTTTTC'TTTTGGGGGGTCACACTCCCCCCTTTTCTTTTCA--Chol 35
Choi -CACTTTTC*TTTTGGGGGGTCACACTCCCCCCTTTTCT-TTTCA-Chol 36 TTTTCTTTTCACACTTTTCTTTTCCCCCCTCACACTCCCCCCp a The cholesteryl group was attached to the 5'-and 3'-ends through the phosphodiester LI and aminoglyceryl L3 linkers, respectively; C* is 5-MeC.
a monophasic transition rather than biphasic as seen for the parent compounds (exp. 5). The 3'-cholesteryl group also slightly stabilized the duplex (by 2.0°C) as can be seen by comparing exp. 3 and 6. A similar stabilizing effect of another lipophilic phenazinium group tethered to oligonucleotide termini was observed previously (26) . In the three component system (exp. 8) the presence of the third strand with a 5'-hydroxyl group adjacent to the 3'-cholesteryl terminus increased the stability of the duplexes formed by either oligonucleotide 5 or 6 with the complementary strand 2 by 4.1°C and 2.7°C, respectively. The most significant enhancement of 10.5°C was observed when both short fragments were conjugated with cholesteryl groups (exp. 11, see Figures  3 and 4) .
These stabilizing effects could be attributed to either protection of the terminal base pairs from a destabilizing aqueous environment for systems containing one cholesteryl group, and to the hydrophobic inter-cholesteryl interaction upon placing these groups in close proximity via the hybridization event for twocholesteryl systems. It is important to emphasize that proper base pairing between complementary strands is necessary for the stabilizing effect of the cholesteryl groups. In a diree component mixture, a reduction of the Tm by 11°C was observed for complexes formed with the mismatch complementary strand 3 by contiguous oligomers 6 and 8 or 7 and 8 (exp. 15 and 16). Compared to the two component mismatched duplex between 26-mers (exp. 2) a Tm reduction of only 6.8°C was observed. 'Tor biphasic transitions the first number corresponds to the Tm of the third strand, and the second number corresponds to the Tm of the remaining duplex. For monophasic transitions the number corresponds to the Tm of the whole system. 'Orientation of the upper Hoogsteen strand is always 5' to 3' relative to the central polypurine strand, 5' to 3', in the triplex; the Watson-Crick strand is always the lower strand, 3' to 5' orientation. C* is 5-Me C. "toligonucleotide AAATGAAAAGGGTGGA with two mismatches was used as a target polypurine strand; mismatched nucleosides are underlined.
These results indicate a somewhat higher relative specificity in mismatch discrimination for systems consisting of two short, but interactive fragments compared to one continuous oligonucleotide of the same length. The presence of a one-nucleotide gap slightly reduces (by 2.4°C) the stability of the complex (compare exp. 11 to 13, or exp. 12 to 14) while still retaining a high cooperativity of dissociation, again producing a single transition melting curve.
Influence of cholesteryl groups on triplex formation and stability
Increasing the stability of triplexes formed between synthetic oligonucleotides and target dsDNA or ssRNA remains a challenging task. A family of mono-cholesteryl and bis-cholesteryl oligonucleotides (Table 3 ) was designed to evaluate the ability of hydrophobic groups to influence the formation and stability of triple-stranded structures. A polypurine 16-base sequence AAAAGAAAAGGGGGGA from the/w/ and nef genes of HIV-1 was chosen as a target (27) . were conceived in such a way that they would be capable of forming bimolecular 'clamp-shaped' triplexes with the single-stranded target (28, 29) . Formation of a triplex should bring the terminal cholesteryl groups into proximity and the resulting hydrophobic interaction, as in the case of the duplexes, should additionally stabilize the structure.
Oligonucleotide-cholesterol conjugates with two different recognition motifs of the polypurine sequence by the Hoogsteen domain were synthesized. A GC base pair could be recognized by G in a parallel orientation, compounds 17, 22, 24, 25, 35 and by C or 5-MeC in a parallel orientation, compounds 28,30, 31. Also, oligonucleotides with 5-MeC instead of C in the duplex forming the Watson-Crick domain of the clamp were synthesized, compounds 32 and 33. Moreover, oligonucleotides 26, 27, 29 and 36 were synthesized to compare the stability of triplexes with a nick in die Watson-Crick region to those having a nick in the non-hybridizing loop region. Thermal stability data and proposed structural cartoons of the triple-stranded complexes are summarized in Table 4 .
Data presented in Table 4 allow us to draw the following conclusions: Triplexes formed by three separate strands were significantly stabilized by the presence of cholesteryl groups conjugated either to the 5'-end of the Hoogsteen strand or to the 3'-end of the Watson-Crick strand (exp. 22 and 23) . A large increase of the triplex stability (by 29.6°C) and a change in the melting behavior from bi-phasic to mono-phasic was observed when cholesteryl groups were attached to both the Watson-Crick and Hoogsteen strands (exp. 24). This arrangement allows the groups to interact with each other upon hybridization to the polypurine strand. Compounds with two cholesteryl groups at opposite ends (exp. 25) also reveal a single-phase melting curve. This likely corresponds to the dissociation of the triplex to three single strands with a Tm somewhat lower than those for monocholesteryl derivatives. The same destabilizing effect of two cholesteryl groups on duplexes was observed before (14) . Hoogsteen strands with and without a cholesteryl group having a recognition motif of C:GC for a single GC pair and a G:GC motif for the stretch of six GC pairs in a parallel orientation to the polypurine target strand seem to form the most stable triplexes in accord with published data (27) .
Triplexes with 'clamp-forming' oligonucleotides are also significantly stabilized by cholesteryl groups attached to their termini. A 3'-cholesteryl group increased the stability of die triplex by 15.3°C (compare exp. 26 and 27) whereas cholesteryl groups at both the 3' and 5' ends increased die Tm by 29.6°C (exp 28) and the melting curve became monophasic (see Figure  5) . Substitution of 5-MeC for C did not increase the Tm of die triplex (exp. 30-32) but did appear to enhance the stability of the duplex portion of the clamp system (exp. 33 and 34).
Clamps with the nick in the duplex region are less stable than those nicked in the loop region (compare exp. 26 and 35), in agreement widi the literature (30) , and they reveal a single phase melting transition. Derivatization of these compounds with cholesterol at the termini significantly increased (by ~ 12°C) triplex stability (compare exp. 35, 36 and 37, 38 respectively). Interestingly, triplexes formed by clamps with the G:GC recognition motif for the Hoogsteen strand were more stable than those with a C:GC triad when the nick is located in the loop region (exp. 28 and 29), but slightly less stable when the nick is in the duplex region (exp. 35-38).
Triplex formation was not observed in the cases of hybridization with the target polypurine strand with two mismatches (exp 39 and 40). Only the transition corresponding to melting of the mismatched duplex, with a Tm=46.6°C, was detected.
In summary, these experiments illustrate a significant effect of cholesteryl groups on the stability of duplexes and triplexes, especially when hydrophobic inter-cholesteryl contacts are generated via proper spatial arrangement. The implications for the design of antisense analogs are encouraging, given the high natural abundance and low toxicity of cholesterol in living systems (31) . Studies of the biological activities of several of these oligonucleotide-cholesterol conjugates are ongoing and results will be reported elsewhere.
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